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Abstract 

. A. passive vibration reduction device in which, the con- 
ventional mein rotor blade pitch link i» replaced y a. 
spring/damper element it investigated using i com- 
prehenaiva rotorcraft analysis code. A case study » 
conducted for a. modem articulated helicopter mam 
rotor Correlation of vibratory pitch link, loada with 
wind tunnel teat data, ia satisfactory for lower har- 
monica. Inclusion of unsteady aerodynamics had 
little effect on the correlation. In the absence of 
pushiod damping, reduction in pushrod stifmees from 
the baseline value had an adverse effect on vibratory^ 

. hub load* in forward flight. However, pushrod damp- 
ing in combination with reduced pushrod stiflbeee re- 
sulted in modest improvements in fixed and rotating 
system hub loads. 

Introduction, and Background 

Since the early days of rotorcraft development, vi- 
bration reduction has been a central topic of research. 
This will continue to be the case until vibration levels 
comparable to those in fixed wing aircraft caacontt*- 
tenily be achieved without excessive weight penalty. 
Research in rotorcraft vibration reduction technique# 
i. motivated primarily by the need to maximize struc- 
tural component life, reduce crew fatigue and provide 
a more comfortable environment for passenger#. Also, 
public acceptance of helicopters ns a means of trans- 
portation depends to a large degree on p saaenger com- 
fort. Vibration reduction may be thus be viewed as 
significant to the economic success of the rotorcraft 

industry. , , , 

Recent research in vibration reduction ha* focused 

on two main approaches: 

PrcwnMd a* the sOth MmAVamtf the /aasriesa H«l»- 
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1. Structural optimisation, structural desigtt^^' 

or modification to achieve favorable fuariagoani - 

blade dynamic characteristic#- 

2. Active vibration control (higher harmonic _ 
and/or individual blade control using either hy- 
draulic actuators or smart structure* technology, 
actively controlled fixed, system actuator*) . 

The first approach, ha* perhaps the- greatest po- 
tential for achieving low vibration level* with, mini- 
mum weight penalty. Nevertheless, at prment it doe* 
not appear that this approach, can be relied upon ter 
achieve desired vibration level* in every ca* r Fust, 
it must be recognised that vibration prediction i* c 
complex multidisciplinary problem; existing vibration 
prediction analyte* are not reliable enough to 
antee success of structural optimisation. Second, the 
approach is limited to the design phase of a new air- 
craft. In the case of existing aircraft, structural opti- 
misation is unattractive since it will typically involve 
complete redesign of major structural components. 
Finally, the aircraft is subjected to a wide v»nety of 
loadings and operating conditions and ft is difficult to 
arrive at an optimum design which satisfies ail condi- 

U Active control is also promising but baa drawbacks 
in the form of weight penalty and additional power , 
requirements. Also, the maintainability and reliabil- 
ity aspect* of active vibration control systems may 
malm them less attractive in many applications. 

A third category of vibration reduction technology 
i* made up of discrete passive devices, such a* per- 
dular absorbers in the rotating system, anuresonaacc 
isolator* for gearbox isolation, spring-mass absorbers 
in th* fuselage, etc. Although these devices also bnng 
a weight penalty, and in some cases increased main- 
tenance requirements, they are in general sunplc,«l- 
atively inexpensive, and can applied on an as-needed 
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u Tr f. in combination with other vibration reduction 
moaiurea. Thu*, irmp active of technology advance* 
in structural design methodology or active control, it 
will always be advantageous to have a selection, of ef- 
fective passive devices available. This paper examines 
the vibration reduction potential of one such passive 
device, the tuned spring-damper pushrod. 

An early study by Miller and EUia (Ref. 1) exam- 
ined the effect* of torsional frequency on blade root 
shear*. A simple rigid blade model wae used and the 
torsional frequency wa* varied by adjusting* root tor- 
sional spring; The model thus applies to the case of 
a variable s tl fl h esa pushrod. The study *how«i that 
reduction* in root torsional spring itiffnesa comA lead 
to substantial reduction* in blade vibratory shears. 

Sub seq uent investigator* (for example, Refit. 2 and 
3) exa mined the Influence of blade torsional frequency 
on blade response. However, these studie* were di- 
' reeted more toward* reduction of the control system 
vibratory load* associated with stall flutter than to 
reduction of hub load* and fueelag* vibration. 

A spring-damper pushrod to modify blade torsional 
dynamics was first investigated in the early 1970’s at 
Sikorsky Aircraft (Ref. 4) , again with a goal of reduc- 
ing vibratory loads in the control systam arising from 
stall flutter. The spring and damping values were se- 
lected beeed on an analytic investigation of a single 
flight condition known to produce high stall- induced 
vibra to ry load*. The investigation culminated in a 
flight test of a set of spring-damper pitch links on a 
CH-54B helicopter. The devices were quite effective; 
at high speed, vibratory control loads in the rotating 
system were reported reduced by nearly 50%. The 
cockpit vibration levels were unchanged, but it is not 
,.}»»> whether this was based on pilot comments or on 
■ritisl vibration measurements. 

Recently, Kottapalli (Ref. 5) suggested that intro- 
duction of large valusa of torsional damping at a 
discrete location near the blade root could 
blade elastic motions and vibratory bub loads. The 
study wa* conducted using a full elastic blade analysis 
(CAMRAD). The torsional damper was represented 
by applying an equivalent damping to the first tor- 
sion mode. The effects of applying the dampingat 
* discrete location were not investigated. No specific 
damping device we* discussed, but it is clear that 
tuned spring-damper pushrod such as that tested in 
Ref. 4 could be adapted to the purpose. This is an 
attractive possiblity since it replace* the conventional 
pushrod and therefore can be installed in both new 
and existing rotoreraft. 

The present study further examines the possibili- 
ties for vibration reduction via pushrod tuning. Un- 
like the Ref. 4 study, the analysis focuses on the in- 


fluence of tuning on vibratory bub shears rather than 
stall- induc ed control loads. The pushrod i* repre- 
sented as a discrete element and the effects of pushrod 
damping on the blade root boundary condition are 
r ea l is tically represented. 

The investigation is in several parts. First, the rigid 
blade pitch-flap analysis of Miller and Ellis (Ref; 1) 
is repeated »»ing a- trimmed forward flight model. 
Then, a more extensive investigation with *. compre- 
hensive rotor analysis i* conducted. Measured, and. 
predicted pushrod load, dam are compared to validate 
the analytic model. The affect* of pushrod. stiffhesn 
and damping on fixed and rotating system huh load* 
are examined. The study concludes with * discussion 
of practical consideration* and suggestion* for future 
work. 

Rigid Blade 
Pitch-Flap Analysis 

Preliminary to the actual investigation, the rigid 
blade pitch-flap analysis of Miller and EUia (Ret l) 
was repeated. The goal was to gain, inright Into the 
pushrod tuning problem using a simple model, elimi- 
nating complicating factors such aa blade elastic mo- 
tions, pushrod kinematics and blade twist. Unlike 
Ref. 1, the present analysis directly include* the ef- 
fect* of forward flight. . 

The physical model (Fig* 1) i* blade, free* 

to flap and pitch about centrally located coincident 
hinges. The blade is restrained at the- root through 
a torsion spring. Collective and cyclic pitch input* 
are applied to the blade through the torsion, spring 
so as to trim the rotor to a prescribed value of thrust 


/ 



Figure 1: Rigid blade pitch-flap physical model. 
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ud sero first harmonic flapping- The rotor shaft an- 
ile is adjusted to achieve ptopusive tnm b “** ° a 
aa assumed fuselage equivalent flat plate area. The 
flapping frequency may be adjusted with an aasumsd 
flapping hinge spring. The model assumes a- flap- 
pitch hinge sequence and tcro pitch-flap 
pling. The equations of motion are solved, with the 
finite element in time method, and. blade root loads, 
computed via. a. force mnutiAtioiii eme* 

The study waa conducted assuming a. typical blade 
with characteristic* ixt Table 1. This in 
the blade examined, in Hef. U The first flapping 
frequency he* been set at 1.05/rev, typical of an ar- 
ticulated blade with small hinge ofeet. 

Thble l: Blade Model Parameters for Loads Data, 
in. Fig. 2. 
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Figure 2 shows blade root loads and fixed system 
hub loads as a function of torsional frequency for 
a. coupled trim condition at n = .4. Note in this 
study only pushrod stiffness variations (t.e. varia- 
tions in torsional frequency) «. Investigated. The 
torsional damping is set aero. In Figure 2(a), the 
3/rev load showe a considerable reduction over the 
baseline value {»* » 5) as the rotational torsional fre- 
quency approaches 3/rev. A sudden fourfold increase 
in the 3 /rev blade vertical sheer is encountered as 
the torsional frequency is further lowered to just un- 
der 3/rev. There Is * very slight reduction in. the 
2/rev load local to - 3. The 4/rev vertical load is 
em tpW to 3/rev pitching motion due to large l/r 
variation in dynamic pressure and hence also shows a 
large peak at this torsional frequency. There is aUoa 
small reduction in 3/rev shear when the torsional fre- 
quency nears 4/rev. These besic features observed in 
the 3/rev shear are also present m the 4/rev vertical 
shear near »t = 4 and in the blade root moment re- 
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(a) Blade root vertical shears 
(rotating system). 



(b) Blade root bending moment 
(rotating system). 
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Torsional Frequency v B 
(c) Fixed system pitch and roll moments. 


Figure 2: Rigid blade root and hub vibratory loads 
vs. blade torsional frequency, /i = 4; Cri< r- 4. 

suits in He. 2(b). The peaks in amplitude, however, 
are of lesser magnitude. 

Strietly speaking, since this is a centrally hinged 
blade, the 3/«v vertical shears would be of interest 
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from a. vibration point of view only with AT* - 3. 
However, with hinge offeet, thaw vertical shears pro- 
duce 3/rev rotating system hub moments contribut- 
ing to fixed system moments with — 4. 

Figure 2(c) shows fixed system 4/rev hub moments, 
assuming a four biaded rotor. Note the values of c/R 
and Or chosen for the single blade yield Or * 00** 
and Or/®'— i-^ or a four biaded rotor. The slight re- 
duction in fixed system, momenta near = 3 (com- 
pared with the baseline, * 5) is due to the era- 
responding reduction in 3/rev rotating system loads 

(figure 2(b)). . . 

It does not appear possible to identify a single com- 
bination, of pitch, flap, and airloads harmonics which 
are responsible for the reduction in vibratory load. 
nrar . — J.05. This is a two degree of freedom sys- 
tem; the flapping and torsion degrees of freedom are 
coupled through mass, damping, and stiffness terms 
and both contribute to the vibratory load through in- 
ertia. terms. Therefore one should not expect a sim- 
ple single degree of freedom resonance phenomenon 
resulting in a sharp peak in response or a 90 phase 
shift. Indeed, the local minimum in vibration and as- 
sociated side peak is reminiscent of the charactwisfac 
of a spring-mass vibration absorber (see a.g. R«. *)• 
Nevertheless, these results do tend to confirm the 
coalvajon of Ref. 1 that for this rigid blade model, 
vibration reduction ie indeed possible by proper selec- 
tion of the blade torsional frequency. The optimum 
frequency lies just above 3/rev. The underlying effect 
is not a simple resonance phenomenon; the relative 
phasing of the various harmonics of the loads may 
play an important role. A. vibration penalty may re- 
sult from operating slightly off the design point. 


Elastic blade analysis 

The major part of the inveetigation was conducted 
using UMARC, a comprehensive rotor aeroelastic 
analysis based on finite element* in time and space 
(Ref. T). 

In Ref. 5, the effects of the spring/damper were 
represented by an squivalent modal damping of the 
blade first torsional mode. This approach in essence 
ut MnuM that the damping is distributed uniformly 
over the length of the blade. Although this sim- 
plifying assumption is appropriate for a preliminary 
study such as Ref. 5, in the present analysis it was 
considered essential to model the pitch link as a dis- 
crete dynamic element applied at its proper location. 
The spring/damper pitch link changes the blade root 
boundary conditions and affects the blade root tor- 
sional dynamics in a manner that is not properly cap- 


r . D 


Feather axis 



Figure 3: Spring-damper pushrod. 


tured if a distributed damping i* assumed. 

In the present analysis tha spring-damper pushrod. 
(Fig. 3) » modeled by modifying ther analysis to re- 
lease the blade root boundary constraint. Appropri- 
ate energy terms are added to the stif&eas and damp- 
ing matrices. These include diagonal terms on. the- 
root pitch degree of freedom due to the pushrod stiff 
ness and damping, and both diagonal, and. coupling 
terms on tha blade flap degree of freedom arising from 
the 6* coupling- The pushrod motions are calculated, 
from the control inputs and the elastic blade root 
pitch and flap deflections. The pushrod loads are ob- 
tained from the pushrod motions together with the 
known pushrod atiflhess and damping values. 


Validity of modal approximation, 
with damped boundary condition 

The analysis is configured to apply a modal approxi- 
mation to the equations of motion. The basis of the 
modal reduction is tht set of normal modes obtained 
with only the stiffness and mass terms in the equar 
tions of motion. This leads to another modeling is- 
sue, namely, how well can these undamped normaL 
modes represent the blade dynamics in tha presence 
of a damped . boundary condition? Physically speak- 
ing, one would expect that, given enough damping, 
the'bladeroot motion would be restricted to the point 
where a cantilever boundary condition would apply, 
with a corresponding increase in torsional frequency. 
This is tha '‘bridging” phenomenon mentioned in Ref. 
4. However, the mode* obtained without the damper 
include deflections at the blade root and da not sat- 
isfy this boundary condition. 

In Figure 4, a. uniform elastic rod is supported at 
one end with a. spring and damper arranged in par- 
allel. Undamped normal modes for this system arc 
calculated from the dosed form solution for a-spring- 
supported torsion tod. A sat of the first N of thews 
modes are then used to synthesise the system includ- 
ing the damper. The resulting modal dampingmatrix 
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is fully populated. The frequency thus calculated foe 
the first damped torsion mode is ehown in Figure- 4- 
aa a function of the root damping coefficient. In the 
figure the damping coefficient has been normalised to 

y/UJJi and the frequencies to ^e ®tac fc *°" 

lution for the cantilever caw. The figure shows that 
above a certain value of the root damping coefficient, 
the predicted frequency i» above that for the can- 
tilever case. Ae can be expected, this overprediction, 
becomes lets severe a* the number of modes is in- 
creased. However, for all the cases shown, as long 
aa the calculated, torsional frequency remains below 
unM* = 1, there i» relatively little sensitivity to the 
number of normal modea used. In the analysis to fol- 
low, the blade is represented by its first seven modes. 
Although- this includes only one mode which can be 
categorised as a. “pure”" torsion mode, it Includes two 
bending modes which involve significant amounts of 
* toreionai motion due to structural twist. It will be 
shown that this set of normal modes together with 
the pushrod damping values of interest result in only 



Figure 4: First torsional natural frequency of uni- 
form rod with spring/damper boundary condition. 

KtGJ/l = 5. 


moderate increases in toreionai frequency, and it is. 
conrlti»H that the error due to using undamped nor- 
mal modes is insignificant. 


Results 


Subject aircraft 

The remainder of the paper will examine the effects, 
of varying pushrod stiftheea and dampingof a. typical 
helicopter rotor, in this case the a> Sikorsky 5-75. At 
full scale S^-78 main rotor wm- tested iis the NASA. 
Antes 40 x 80 wind tunnel in the late 1970’s (Re£. 8), 

providing experimental data for verificationof the an- 
alytical results. The design characteristics are given 
in Table 2. In Ref. 8, four tip planfbnns were tested; 
the present investigation assumes the rectangular tip- 
configuration in order to minimis* modeling issues 
related to three-dimensional unsteady effects at the- 
blada tip. Detailed data for the analytic model are 
available in. Hefft* 8 and 9* 

Tha blade pushrod stiffness of the baseline aircraft 
is baaed on the control system stiffness given in Re£ 
9, together with the assumption that this itiffcees 
ia entirely determined by the puehrod stiffness- with, 
no compliance to the swsahpiate or servos Thin as- 
sumption is adequate for the present feasibility study; 
nevertheless, it should be borne in mind that in the 
actual aircraft the control system stiffriasamay be af- 
fected by the swashplate and servo stiffhess. 

Accor din g to the normalisation scheme used, in 
the present analysis {Ref. 7), the nondimensional 
pushrod stiffhest ia defined as 

r 


Table 2: Main rotor basic design data, Sikorsky S-78 
(Refs. 8 and 9) 


Number a* bled m 
Blade lip 

Blade tontenai frequency 
Solidity 

Lock number (nominal) 
Rotor speed 
Tip apeed 

Flap end Leg Hinge OAet 
Blade Pitch-Flap Coupling 
Pitch Bearing Tbi*mnal 
StHfaew 

Control Syatera StrtHhea* 
Pitch horn arm 



Rectangular (wind 
tunnel te»t only) 

5.3 /r*v (calculated 
with baaelinc puthrod) 
.0744 
10.9 

30.7 1/a 
673 ft/a 

34% 

17* 

640 ft-lb/rad 

34000 fbtb/rad 
.0346 
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with the reference miss distribution mo defined » 

3/e 

m ° = (l - <) 3 R* 

This is the mass distribution which, if constant along 
the blade span, would yield the actual flapping mo- 
ment of inertia, Ip . Based on the masa data in Ref . 

9 mo for this blade amounts to .125 alug/ft, yielding 
ion.i Vj«. ot t, * 31.2for tl» 

aircraft 

Correlation: with, test data. 

To validate the analysis, the measured pushrod load, 
time histone* from. Ref. 8 are compared with the 
analytic, result* for the same operating conditions. 
Figure 5(a) and 5(b) compare the measured and 
analytic result* for advance ratios of .2 and .38 re- 
spectively. In. each case, the rotor is trimmed to 
sero first harmonic flapping and the specified Or/r. 
The data have been adjusted to zero steady compo- 
nent to facilitate comparison of the vibratory compo- 
nents of the waveform*. Two sets of analyttc results 
are shown; first one obtained using quasisteady aero- 
dynamic modeling, and second one using unsteady 
circulatory aerodynamic terms. The dynamic stall 
model provided a* an option in the analysis was not 
activated. 

In each case, the overall correlation with the mea- 
sured data is fair At both M = - 2 
the 1/rev vibratory components appear fairly well 
matched. However, « H = -2, the test data exhibit 
a small «i g»«l at near the blade first torsional fre- 
quency which is not present in the calculated results. 
A.t n-— -38, the predicted and calculated data dif- 
fer noticeably in phase over the retreating portion of 
the rotor disk. Nevertheless, the main features of the 
torsional response are present in the predicted time 
histories, namely, the large excursion on the advanc- 
ing side at near 2/tev and the presence of response at 
the torsional frequency on the retreating side. 

Only small differences are observed in the two sets 
of analytic results. Hence, quasisteady aerodynamics 
will be used for the remainder of this study. As men- 
tioned earlier, the optional dynamic stall model is not 
used in this investigation. It appears unlikely, how- 
ever, that inclusion of the stall model would improve 
the overall correlation. Stall flutter is not a signifi- 
cant factor in the experimental data since the largo 
“spikes" in pushrod load typically occuring In the aft 
retreating quadrant of the rotor disk (see for example 
Re&. 4 and 3) are entirely absent. Also, significant 
deviations between the measured and predicted time 
histories are observed near V = 180'; this is not a re- 
gion on the rotor disk where stall would be expected 


600 


-600 



90 isa 27a 
Azimuth (deg.) 


360 



to be a significant factor. That the data correspond 
to % fairly moderate values of CV/ & *1*® suggests, that, 
the stall model is not essential In this case. 

Jepeon tt- al. (Ref. 10) conducted an extensive cor- 
relation study using data from the teste documented 
in Ref. 8. One conclusion of this study was that 
the fuselage flow field can have a significant effect 
on blade and pushrod loads. Based on this- it ap- 
pears that including flow effects of the test stand body 
might improve the correlation in Figure 5. 

In the present analysis the control inputs are ae- 
tumed to take place about the blade uadeformed axis; 
this in essence corresponds to a hinge sequence with 
the feather axis inboard of both the flap and lag 
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bincM. However, in the subject aircraft tie pitch 
bearing fla p» and lags with the blade spindle. Abo, 
there ia a small amount of pitch-lag coupling due to 
the pushrod kinematics which haa been neglected in 
the analyst*. Instead of detailed tabulated airfoil data, 
such as may be found la Reft. 8 and 9, the blade wr- 
foil is represented in the analysis with the analytic^ 
expressions 


cr — e»* +' c t- < * 

e<,<W - constant 


derived from the tabulated data, near « » 0*. Finally, 
it may be noted that at this operating condition the 
tyc li c and collective pitch settings «e not prescribed. 
The difference* in the predicted and measured loads 
may be attributed in part to differences » ixt prated 
and a f t 1 !*! trim controls. Neither Ref. 8 nor Ref. 10 
report these data so it is difficult to make a statement 
retarding correlation of the trim control predictions. 

In summery, it appears an actual case study of 
pushrod tuning for a specific aircraft would aecesei- 
tate certain refinement* to the analysis. However, tne 
present investigation is more of the nature of a feasi- 
bility study; the major features of the blade toTsional 
response, insofar a* they may be affected by varying 
blade pushrod stiflhssa and damping, are well pre- 
dieted. It i* expected that the qualitative results 
the present study will hold after refinements to the 
walysi. have been implemented, and be valid for the 
subject aircraft itself. 


Effect of pushrod stiffness and damping 
on. blade dynamic characteristics 

Figure 6 shows the effsets of decreased pushrod stiff- 
nesa on rotating blade natural frequencies. The blade 
dynamics are characterized by the close proximity « 
three strongly coupled normal mode*. The mo 
are therefore labeled according to their mode shape* 
at the baseline pushrod stiffness. At very low value* 
of pushrod stiffness, it is the low frequency branch 
that ha* the nature of a first torsional mods. A a 
L is reduced to a nondimenaional value of 5. this 
Sod. rapidly approaches 3/rev and the dynanum 
of the mode become increasingly dominated by the 
pushrod stiffness. Figure T comperes the torsional 
mod* shapes of the first torsional mode far two c***, 
the baseline stiffiiee* and a reduced eOffees* (*, » 5). 
At the lower torsional stiffness the mode begimto 
take on the nature of a rigid body feather mode. This 
i. to b* contrasted with change* in tomcnal dynamics 
accompanying reduction* in blade torsional suimesa. 
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Figure 6: Effect of pushrod stlflhees on blade m-vacuo 
rotating natural frequencies. Zero pushrod damping. 



Figure 7: Effect of pushrod stiffnese on blade tn-eacuo 
rotating torsional mode shape. Zero pushrod damp- 


ing. 


In the latter case, the softness of the blade relative to 
the root torsional restraint causes the mod* shape to 
become even more like that of a. bled* with infinitely 
stiff root restraint. 

Figure 8 shows the effect of varying pushrod stiff- 
nM* and 'Tapin g on ia-vacuo frequency and damp- 
ing of the blade first torsional mod*. As. with Fig. 
6, there are actually three mode* that may be can- 
didates for the first torsional mode. When generat- 
ing Fig. 6, an attempt was mad# to select the mode 
most resembling a “pure'* torsion mode. Hence, the 
various points on the k p -Z, map in the figure- do not 
correspond to a single locus of frequency roots. At 
and above fe, = 20, th* damped natural frequency is 
very close to it* baseline value of 5.5/rev. As may be 
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Puahrod Damping Cp. 
(nondlmansional) 


Figure 8 : Effect of puahrod stiffness and damping on 
in. vacuo frequency and damping of blade first tor- 
sional mode* 


expected, aa the puahrod atiffnasa is decreased, the 
puahrod damping become* more effective at mcreaa- 
inr the damping ratio of the tortional mode. Thx* 
it due to the fact that aa tha mode shape change 
to involve more diiplacement at the root (Fig. 
more energy per cycle can be diaaipated through blade 
root damper motion. The damped natural frequency 
also become* more sensitive to puahrod damping at 
low value* of k r . The figure *howe that even at the 
lowest value* of puahrod stiffeeae, below 2, » 2 - 3, 
the calculated damped frequencie* are well below the 
rigid puahrod caae, indicating that the error due to 
mip g undamped normal modea may be neglected up 
to thea# damping values (compare with Figure 4). 


Effect of puahrod tuning 
on vibratory hub load* 


figure 9 show* the effect* of blade tuning on fixed 
^yrtcin 4/rev load* in wind tunnel trim at M - .38 
(this operating condition, together with the M = *20 
condition in Fig. 11 , wa* choaen to mated the condi- 
tion* in. the wind tunnel test deecrfted abw). The 
forces have been normaliied by mofl R * 57, 800 lb 
and the momenta by » 1-27 x 10 ft-lb. 

With aero puahrod damping, little effect is obeerved 
down to fc. w 10 , at which point the fixed ayatem 
load* tend to increase with a further reduction in 
k„ in some caaea dramatically. For reference, the 


point at which the fizat tomonal fwquency 
through 4 /rev is indicated with abold aymbol ( *). 
Although it is tha 5/rev load* which tend to , increase 
moat sharply at low puahrod stiffne**, aignificant in- 
crease* in 3 and 4 /rev load* may be observed as weU. 

At vary low valueaof i, the dataware limited by diffl- 
culties in obtaining a trim solution. This is attributed 
to effects on control aystam effectivenem, discussed 

With the introduction of a- moderate amount of 
damping (£. = 2 ) the trend* in tha fixed, eyetsm. vi- 
bratory load* are reversed (for reference, a combina- 
tion of ^ *2 «d 

just over 25% for the first torsion mode - see Fig. 8 ). 

In tha css* of the longitudinal, inplane shear and the \ 
hub pitch and roll momenta, reduction* ranging from. 1 
25 to 50 % over the baseline case (£ r - 31.2; V*°) / 
may be observed. A further Increase of damping to^ 
x - 3 brought littl* farther improvement in: the huh 
loads* Apparently most of tho beneftcial effects, of 
damping are obtained. with Icvela of damping suffi- 
ciently low that errors due to using undamped normal 
modea may ba neglected. 

The sharp increase ia fixed syatsm vibratory load 
in the *ero damping case below ip * 10 may be ob- 
served directly in the rotating ly item data-in Figure 
10. The figura also shows that the reduction m fixed 
system 4/rev load at ^ =■ 3 and < 10 i* associated 
mualy with reduction* in. rotating aystam. 3 /rev m- 
plana shears. The vibratory moment* and the ^.*2 
data have been omitted for clarity. 

Figure 11 show* fixed syatsm 4/rev hub loads for 
u * 20. Again at this advance ratio, favorable results 
may be obtained at combinations of low pushrcdstiff- 
neaa and moderate puahrod damping. 

Note from the hub loads result* that near the base- 
line puahrod stiffness, introduction of damping ea- 
almost no effect. Also, the large peak* in ampli- 
tude observed in the rigid blade study when oper- 
ating slightly off the optimum puahrod itifoe*. (Fig. 

At in + hist hUdc d&ta. 


Influ ence on puahrod loads 

In Figure 12, the 1 and 2 /r*v puahrod loads are shown 
as a. function of puahrod atiflhsss for seta damping 
and c. « 3. At /a * .38, the l/r*v puahrod load ia- 
creases by around 50% as the puahrod stiffness is re- 
duced from it* baseline value to k p - 5. The 2 /rev ia 
len « g»»teesntl r affected but still increase* by around 
20%. Addition of puahrod damping aeems to reduce 
2 /rev hub slightly; the 1 /rav loads however remain 
virtually unaffected. Thai# phenomenon are much 
lea* pronounced at p « . 2 . Sere a slight improvement 
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Figure 9 


; Fixed system 4/rev hub load, for ft » .38, Cr/* = 080, and a. 
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(d) Roll moment 


(e) Pitch moment 
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(c) Vertical shear 


(f) Yaw moment 
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Figure 11: Fixed system. 4/rev hub loads for n » 20, Or! 9 * 074, and a, - 2.5 


in 2/rev loads at low values of t, msy he observed. 

The large increase in vibratory pushrod loads at 
low pushrod stiffness at ^ — .38 is 
though the pushrod itself would be replaced by an 
entirely new component sised to handle th “" ^ hr ^ 
tory loads, the pushrod loads have ^plications for 

loads in other control system ^ 

swashplate and servos. It is envisioned that the device 
may be retrofitted to existing aircraft; tins 
of esse of application disappears if other 
t em components require redesign or reduced time to 

replacements 

The hub load, shown in this study 
using a force summation method; no dutmetion u 
made between loads reacted through the hub and 
loads reacted through the pushrod. Thu distinc- 
tion, however, is of potential interest. e vi ra o 
pushrod load feeds into the fixed system through the 
non-rotating part of the control system Changes 
in hub loads may have a different effect on fuse- 
lage Vibration depending on whether they are reacted 
though the rotor shaft or through the Pushrod TO 
properly capture this effect would require the fuse- 


lage and nonrotating control system to be modeled m 
J m , detail. (See alw Reft. U » for a discu«on 
of the effects of control loads on fuselage vibrations.) 

Effect on trim control settings 

Figure 13 shows the effects of pushrod tuning on trim 
control position*. At both /i - .20 an M — • ' 

reduced pushrod stiffness seems to have httleeffiKt 
on collective pitch required. An increase ul forward 

loacitudinal cyclic if present, especially at m 51 • • 

Of particular intereet is the trend of ' 

, k u- .38. At very low values of the lateral 
cyclic drifts by about 6*; at around i, _ - 8 1 it jctvr 
dly changes sign. This is probably why difficulties 
w are encountered when finding the tnm solution at 
very low values of pushrod stiffness. Iu the 
analysis, the control portions are adjusted to yield 
iero first harmonic flapping using a tangential ma- 
trix obtained from a rigid blade model. Apparently 
the reduced pushrod stiffness brings about a phase 
delay in the blade flapping response, changing the 
sysuan response to cyclic pitch in such a way that 
the rigid blade tangential matrix no longer guarantees 
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trim convergence. Introduction of pushrod damping 
alleviatee this situation. Difficulties in findi^S * tnm 
solution may also arise from actual instabilities intro- 
duced by reducing the pushrod stiffcess (aeromechan- 
ical stability waa not examined in this investigation) 
Pushrod tuning may or may not have a significant 
effect on trim controls of a free flying aircraft. The 
present investigation was limited to the wind tunnel 
trim case in order to match the teat operating condi- 
tions in Rtf. 8. 


Practical implementation 

Regarding a practical implementation of a spring- 
damper pushrod with, deeireable stiffeesa and damp- 
ing values as identified in this study, consider the de- 
vices described in Ref. 4. They provide useful data 
points as to what dynamic properties are possible 
with such a device. The pushrods had a spring rate of 
5000 lb/in and a damping rate of 90 lb-aec/in. These 


values may be nomdimensionailsed i n the present 
scheme with 

= 6O,0OOlb/fl + m o n J R»23 
as 1080 slug/see -r m^ilR *» 13. 



Presumably the damping rate could be arbitrarily re- 
duced to the desired value of w 2 — 3 by mod- 
ification. of the orifice site. Mote difficulty may be 
encountered achieving the low spring rate required 
(h t* 5). In. Ref. 4, elastomeric elements were used 
to provide the required compliance. This suggests ait 

integrated elastomeric spring-damper pushrod. Pos- 
sibly the required damping can be provided by the 
.| f .tnme itself, eliminating the need for a hydraulic 


Summary and Concluaions- 

The possibilities for vibration reduction, with, a- dy- 
namically tuned main rotor blade pushrod has. been 
axamined analytically. This device could be a. direct 
repl acement for blade pushrods on new or existing 
aircraft. 

1. A parametric study indicates that vibratory hub 
loi rt f are severely degraded with very low val- 
ues of pushrod stiffness and no pushrod damping. 
However, combinations of reduced pushrod stiff- 
ness and moderate damping yielded fixed sys- 
tem 4/ r ev hub loads which in some cases, were- 
reducsd by up to 50% of their baseline valuer 
The pushrod 1/rev loads, however, increased by 
about 50%. 

2. The agreement between pushrod loads predicted 
by the analysis and those measured experimen- 
tally is fair. There is a reasonable expectation 
that this correlation may improve with refine- 
ments to the analysis such as introduction of a. 
free wake model and improved modeling of blade 
root kinematics. 

3. With no damping, reduced pushrod s'.dfn ess may 
have a significant effect on trim controls. 

4. Since the pushrod damper represents a change in. 
boundary condition, error* may be introduced 
when a modal reduction is applied using un- 
damped normal modes. However, this does not 
appear to he a problem for the values of pushrod 
damping considered in this study. 

5. Further test and analytic work is recommended. 
The beneficial effects of pnahrod tuning need to 


MAR 14 ’94 12:39 


3013149001 PAGE .012 



Control setting (deg.) 


MGE 14 '94- --03:00PM RfeHO EjNGR 


Zero pushrori damping “ ‘ - Cp*J. 



be confirmed experimentally. Attention should 
be riven to the effects of pusbrod tuning on 
aeromechanic^ etabiUty, handling qualities, and 
blade dynamic stall behavior. Other issues which 
should be addressed in future investigations are 
m effects on handling qualities (trim control 
gradients; maneuver response) and (2) e^ts on 
dynamic stall behavior at conditions of high ro- 
tor loading. 
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